Mitochondrial outer membrane permeabilization (MOMP) is widely regarded as the commitment step in apoptosis and is controlled by the Bcl-2 family of proteins.^[@bib1],\ [@bib2],\ [@bib3]^ MOMP requires an activator such as truncated Bid (tBid) or Bim to relay the apoptotic signal to the effector members, Bax and Bak, which oligomerize in and permeabilize membranes. Anti-apoptotic proteins such as Bcl-2 or Bcl-XL counter this process by binding to both the activators and Bax/Bak.^[@bib4]^ In recent years, a consensus has emerged regarding the core MOMP mechanisms.^[@bib2],\ [@bib5],\ [@bib6]^ In particular, the crucial role had by membranes in modulating the complex network of binding interactions between Bcl-2 family proteins has been recognized.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ Moreover, it has been recently demonstrated that the interactions between key proteins in the family and the mitochondrial outer membrane (MOM) are reversible and dynamic.^[@bib11],\ [@bib12]^ Intermittent interactions of Bcl-2 family proteins with membranes may set up transient loci from which apoptotic events are regulated. Furthermore, increasing evidence suggests that all the mitochondria in the cell need to be permeabilized for efficient apoptosis to occur.^[@bib13]^ Bcl-2 pro-apoptotic family members are heavily accumulated at sites of mitochondrial fission during apoptosis.^[@bib14]^ However, with limited pool of proteins in the cell, it is easy to imagine a situation after the onset of apoptosis where the available protein pool is quickly used up on limited number of mitochondria and the cell has to reuse the available protein to permeabilize all the mitochondria to proceed with apoptosis. Indeed, in certain circumstances it appears that MOMP is initiated at one precise location and then propagates through the rest of the cell as a wave over the ensuing 5 min.^[@bib15],\ [@bib16]^ The diffusion of soluble apoptotic factors between mitochondria has been proposed as one potential mechanism to explain this phenomenon.^[@bib15]^

Bax and Bak are composed of nine α-helices and contain a C-terminal tail-anchor region that targets them to the MOM and the endoplasmic reticulum.^[@bib17],\ [@bib18]^ In the death receptor pathway, the apoptotic signal is transmitted to Bax and Bak via tBid,^[@bib19],\ [@bib20]^ which, similar to Bax, is cytoplasmic in most dividing cells and localizes to target membranes only at the onset of apoptosis.^[@bib21],\ [@bib22],\ [@bib23]^ After the engagement of death receptors on the cell surface, Bid undergoes a proteolytic cleavage by caspase 8 and the larger C-terminal fragment of cleaved Bid (cBid), termed tBid, binds the MOM and undergoes a conformational change facilitated by the MOM protein Mtch2, which renders tBid capable of activating Bax.^[@bib10],\ [@bib24]^ Interaction of Bax with tBid at the membrane also causes a conformational change in Bax, which is a necessary step for its activation.^[@bib25]^ As soluble Bid is structurally homologous to soluble Bax and both proteins require a conformational change at the N-terminus before activation, we have proposed that Bid should be considered a Bax-like protein distinct from other Bcl-2 homology 3 (BH3) proteins.^[@bib26]^

Another similarity between Bid and Bax that is relevant to the issue of propagation of an apoptotic signal is that both proteins interact dynamically with lipid membranes. Although tBid binds to liposomes rapidly,^[@bib8]^ it dissociates from them with an apparent dissociation constant (*K*~D~) of 0.5 nM (lipids *K*~D~ 44 *μ*M).^[@bib10]^ tBid has also been reported to have lipid-transfer activity.^[@bib27]^ Consistent with this observed capacity of tBid to 'retro-translocate\' from the membrane, electron paramagnetic resonance experiments,^[@bib24]^ NMR experiments^[@bib28]^ and Monte Carlo simulations,^[@bib29]^ all suggest that tBid binds only to the outer leaflet of the membrane. By contrast, fully activated Bax adopts a transmembrane topology with three *α*-helices (5, 6 and 9) inserted in the membrane^[@bib30]^ that is carbonate resistant,^[@bib17]^ which suggests a tight and possibly non-reversible interaction with the membrane. However, other conformations with only *α*9 inserted into membranes are possible. In the absence of activator BH3 proteins, Bax binds reversibly to artificial membranes *in vitro*,^[@bib11],\ [@bib31]^ a process that involves a reversible conformational change of its N-terminal region that exposes an epitope recognized by the monoclonal antibody called 6A7.^[@bib11],\ [@bib25]^ Accordingly, in growing cells, inactive Bax is normally in equilibrium between the cytoplasm and is peripherally bound to the MOM.^[@bib12],\ [@bib32]^ When Bcl-XL is present at the MOM, reversible binding of Bax favors the cytoplasmic form. This shift in localization has been referred to as retro-translocation and is an important aspect of the anti-apoptotic function of Bcl-XL.^[@bib4],\ [@bib12]^

Furthermore, the interaction between tBid and Bax is itself dynamic. It has been suggested that tBid activates Bax (and Bak) by a 'kiss-and-run\' mechanism,^[@bib33],\ [@bib34],\ [@bib35]^ in which the interaction between the two proteins is transient allowing tBid to activate a series of different Bax (or Bak) molecules.^[@bib15]^ Consistent with this notion, we have shown that the tBid--Bax interaction, which occurs only in or on lipid membranes, is reversible.^[@bib8]^ Therefore, both tBid and/or Bax have the potential to propagate the apoptotic signal from one membrane to another.

Here we report that in an *in vitro* system consisting of fluorescently labeled tBid or Bax, and mitochondria or liposomes, both activated and membrane-bound tBid and Bax migrate between membranes. The transfer of activated Bax, however, proceeds very slowly and an activator at the destination membrane is required for permeabilization to occur. Surprisingly, the transfer of tBid is enhanced by Bax and is repressed by Bcl-XL. Overall, our work suggests that by regulating tBid transfer, interaction with Bax and Bcl-XL provides an unexpected mechanism for regulating the intracellular propagation of apoptotic signals.

Results
=======

Mitochondria initially lacking tBid undergo Bax-mediated permeabilization in the presence of mitochondria pre-incubated with tBid
---------------------------------------------------------------------------------------------------------------------------------

To determine whether tBid and Bax can mediate the transmission of apoptotic signaling between mitochondria without any other factors, we performed the experiment shown in [Figure 1a](#fig1){ref-type="fig"}. The first set of mitochondria (M) was isolated from *bax* −/− *bak* −/− BMK cells and incubated with tBid, and then the unbound tBid was removed by centrifugation. A second set of mitochondria (M~mCherry~) was isolated from *bax* −/− *bak* −/− BMK cells that express a fluorescent Smac-mCherry fusion protein localized to the mitochondrial intermembrane space. The two sets of mitochondria were mixed in a 1 : 1 ratio, incubated with Bax and collected by centrifugation to evaluate the amount of MOMP in the M~mCherry~ by comparing the quantities of Smac-mCherry in the supernatant and pellet fractions ([Figure 1](#fig1){ref-type="fig"}). As expected, no MOMP was observed in control reactions lacking either tBid or Bax. Surprisingly, when the incubation contained M~mCherry~ not pre-incubated with tBid, ∼50% of them underwent MOMP after addition of Bax, as long as mitochondria pre-incubated with tBid were also present. In a positive-control incubation containing Bax and M~mCherry~ pre-incubated with tBid, the amount of Smac-mCherry released was similar (∼60%).

The fact that Bax permeabilizes mitochondria with and without tBid pre-bound to the MOM demonstrates that apoptotic signaling is propagated between mitochondria in this simplified system. This transmission may be due to several mechanisms, either alone or in combination: (I) tBid originally bound to one mitochondrion can transfer to another mitochondrion, where it recruits soluble Bax; (II) after activation by tBid bound to a specific mitochondrion, activated Bax can insert into the membrane of another mitochondrion, irrespective of whether it contains tBid; (III) only mitochondria with membrane-bound tBid are directly permeabilized by Bax, but these fuse to other mitochondria, leading to MOMP. As explained in the ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), this third possibility was discarded in control experiments and will not be discussed further.

Bax-mediated permeabilization of membranes initially lacking tBid is as efficient as and only marginally slower than that of membranes pre-incubated with tBid
--------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine which of the other two mechanisms mediate MOMP propagation, we used a liposome system that allowed precise measurements of reagent concentrations and reaction kinetics. Two distinct sets of liposomes containing spectrally distinct fluorophores (~ANTS~liposomes and ~Tb~liposomes) made possible the concurrent evaluation of permeabilization of both sets after addition of Bax ([Figure 2a](#fig2){ref-type="fig"}).

To reconstitute the observation with mitochondria in liposomes, we measured liposome permeabilization after mixing liposomes with or without membrane-bound tBid. First, liposomes were incubated with tBid, and then unbound tBid was removed by gel filtration chromatography to obtain liposomes with bound tBid (confirmed by immunoblotting, data not shown), denoted ~ANTS~liposomes+tBid and ~Tb~liposomes+tBid. Exactly as observed with mitochondria, after the addition of Bax to a 1 : 1 mixture of ~ANTS~liposomes+tBid and ~Tb~liposomes, both sets of liposomes were permeabilized with a comparable efficiency ([Figure 2b](#fig2){ref-type="fig"}, green symbols). To ensure that our observations were independent of the fluorescent molecules encapsulated in the liposomes, we performed the experiment with the reverse combination of fluorophores using 1 : 1 mixture of ~Tb~liposomes+tBid and ~ANTS~liposomes. We obtained the same results where both sets of liposomes were permeabilized to a similar extent ([Figure 2b](#fig2){ref-type="fig"}, light blue symbols). As expected, in control incubations without Bax, co-incubation of the different liposomes did not lead to permeabilization even when external tBid was added (data not shown).

To more closely examine the possible differences between the permeabilization of liposomes with and without membrane-bound tBid, we evaluated the influence of varying Bax concentrations on permeabilization kinetics and end points ([Figure 2c](#fig2){ref-type="fig"}). Similar to the results above, ~ANTS~liposomes with or without pre-incubated tBid were permeabilized on addition of Bax. However, the permeabilization half-time for liposomes pre-incubated with tBid was about half that of liposomes not pre-incubated with tBid ([Figure 2d](#fig2){ref-type="fig"}), suggesting that the process is more complicated than simple diffusion. Nevertheless, permeabilization eventually proceeded to roughly the same extent in a Bax concentration-dependent manner for both types of liposomes at end point ([Figure 2e](#fig2){ref-type="fig"}).

Transfer of tBid between membranes is efficient and is accelerated by Bax
-------------------------------------------------------------------------

For tBid to transfer between liposomes, tBid binding to membranes must be reversible. We therefore used gel filtration chromatography to confirm our previous observation that binding of tBid to the membrane is reversible ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).^[@bib10]^ To determine the extent and the rate of tBid transfer between liposomes, we used a FRET (Förster resonance energy transfer)-based assay. For these experiments, tBid was fluorescently labeled with the donor DAC (tBid~DAC~) and the membrane contained the acceptor NBD-PE (liposomes~NBD~). FRET is observed only when tBid~DAC~ migrates to liposomes~NBD~^[@bib8],\ [@bib10]^ As a positive control, we added tBid~DAC~ to a 1 : 1 mixture of liposomes~NBD~ and unlabeled liposomes ([Figure 3a](#fig3){ref-type="fig"}), and observed rapid FRET between tBid~DAC~ and liposomes~NBD~ ([Figure 3c](#fig3){ref-type="fig"}, gray symbols). A single-exponential fit of the data as predicted by the kinetic model obtained by considering a simple binding reaction between tBid and the membranes [equation (3)](#equ3){ref-type="disp-formula"}, gives an average relaxation rate *k*=(0.013±0.005)/s (mean±S.D., *n*=3) at this lipid concentration. Next, to determine the transfer of tBid between liposomes, we incubated tBid~DAC~ with liposomes and used gel filtration to obtain a solution with liposomes+tBid~DAC~, which was then added to liposomes~NBD~ in a 1 : 1 ratio ([Figure 3b](#fig3){ref-type="fig"}). We observed efficient FRET between tBid~DAC~ and liposomes~NBD~ that reached the same level of completion as in the control experiment, indicating that tBid~DAC~ transferred from one population of liposomes to the other such that at equilibrium it was equally distributed between the two populations of liposomes ([Figure 3c](#fig3){ref-type="fig"}, black symbols). We fitted this data with a double exponential function [equation (4)](#equ4){ref-type="disp-formula"} to account for the fact that tBid is initially partitioned between the membrane of the liposomes and the solution, and that both these fractions eventually interact with the membrane of liposomes~NBD~, but with different rates (see Materials and Methods). In this way, the retro-translocation rate of tBid was found to be on average: *k*~off~=(1.6±0.5) 10^−3^/s. This means that the half-time associated with the release of a molecule of tBid~DAC~ from a liposome is ∼7 min, considerably longer than the average time necessary for a tBid~DAC~ to bind to a liposome in our experimental conditions (∼40 s). These results demonstrate that tBid binding to mitochondrial-like membranes is reversible and the difference in rates is consistent with our previous observations that tBid co-fractionated with liposomes during gel filtration chromatography. Together, our results suggest that tBid spontaneously transfers between two populations of liposomes, leading to permeabilization of the destination liposome.

As tBid interacts with other Bcl-2 family members at the MOM, we next examined the effect of Bax and Bcl-XL on the dynamic equilibrium of tBid transfer between liposomes. We incubated liposomes+tBid~DAC~ with liposomes~NBD~ in a 1 : 1 ratio ([Figure 3b](#fig3){ref-type="fig"}) with Bax or Bcl-XL. Consistent with their opposing functional roles in apoptosis, Bax and Bcl-XL had opposing effects on tBid transfer between liposomes. Although Bax accelerated tBid transfer between liposomes, increasing the retro-translocation rate threefold to *k*~off~= (4.5±0.2) 10^−3^/s (corresponding to a half-time of ∼2.5 min), Bcl-XL reduced the retro-translocation rate threefold, to *k*~off~=(0.5±0.2) 10^−3^/s (corresponding to a half-time of ∼25 min) ([Figure 3d](#fig3){ref-type="fig"}). This result suggests that regulation of retro-translocation may be a general property of Bcl-2 family proteins.

Although these experiments demonstrate that no other proteins are required for tBid membrane binding and transfer, an integral MOM protein Mtch2 facilitates tBid binding to membranes and MOMP by accelerating the conformational change in tBid required for Bax activation in cells.^[@bib10],\ [@bib36]^ Consistent with this function, Mtch2 at the recipient membrane increased the efficiency of tBid transfer ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

Bax transfers between membranes but requires an activator at the recipient membrane for oligomerization
-------------------------------------------------------------------------------------------------------

To determine whether activated Bax transfers between liposomes independent of tBid, we used liposomes that support Bax oligomerization but not tBid binding. We therefore compared a lipid composition without cardiolipin (−CL) to mitochondria-like liposomes with higher negative surface charge density (+CL). As expected, tBid was unable to bind to −CL liposomes (data not shown). Consequently, while tBid mediated Bax liposome permeabilization of +CL ~ANTS~liposomes was very efficient, permeabilization was greatly reduced in −CL ~ANTS~liposomes ([Figure 4a](#fig4){ref-type="fig"}). However, when using another BH3 protein BimL as an activator for Bax, both sets of ~ANTS~liposomes were efficiently permeabilized, although −CL ~ANTS~liposomes were permeabilized to a lesser extent ([Figure 4a](#fig4){ref-type="fig"}). Thus, once activated with BimL, Bax permeabilizes −CL ~ANTS~liposomes (\>50% release) much more efficiently than when tBid is the activator (\<25% release).

To exploit this difference, we examined whether Bax activated at one set of liposomes can permeabilize another by performing the experiment analogous to that shown in [Figure 2a](#fig2){ref-type="fig"}. For this experiment, tBid was incubated with +CL liposomes and the liposomes containing bound tBid were isolated by gel filtration and mixed in an equal ratio to either +CL or −CL ~ANTS~liposomes. As expected, Bax efficiently permeabilized +CL ~ANTS~liposomes that promoted tBid transfer. However, −CL ~ANTS~liposomes were not permeabilized ([Figure 4b](#fig4){ref-type="fig"}). As Bax is able to permeabilize these membranes when activated by BimL, this indicates that Bax either cannot transfer between membranes or it cannot permeabilize membranes that are not 'primed\' with an activator after binding.

To investigate the transfer of soluble Bax between liposomes, we used a protein--liposome FRET assay similar to the one described above for tBid ([Figure 4c](#fig4){ref-type="fig"}). When Bax~DAC~ (donor) was added to a reaction containing either +CL or −CL liposomes~NBD~ (acceptor), the efficiency of FRET was not only similar in both cases ([Figure 4d](#fig4){ref-type="fig"}, open circles) but was also independent of the presence of tBid ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). This demonstrates that Bax binds to membranes independent of negative surface charge and that FRET cannot distinguish between the peripheral binding of Bax to membranes (that occurs in the absence of tBid) and the membrane-embedded form of Bax that mediates permeabilization (that occurs in the presence of tBid). Thus, there must be very little difference in the distance between the DAC dye on Bax and the NBD dye in the membrane for these two conformations. In addition, these results demonstrate that unlike tBid, the interaction of Bax with membranes is not dependent on the presence of CL in the membrane.

Next, we investigated whether the active, stably membrane-bound Bax transfers between liposomes. Bax~DAC~ and tBid were incubated with liposomes and the liposomes containing membrane-bound proteins (liposomes+tBid+Bax~DAC~) were collected by gel filtration. These liposomes were then incubated with +CL or −CL liposomes~NBD~, and the transfer of Bax~DAC~ was measured by FRET ([Figure 4c](#fig4){ref-type="fig"}). Surprisingly, membrane-bound Bax~DAC~ re-equilibrated between the two populations of liposomes, although at a slower rate than tBid, with an average *k*~off~=(0.2±0.1) 10^−3^/s (binding half-time ∼60 min) ([Figure 4d](#fig4){ref-type="fig"}, filled circles) [equation (4)](#equ4){ref-type="disp-formula"}. Furthermore, membrane-bound Bax~DAC~ transferred to −CL liposomes as efficiently as to +CL liposomes, demonstrating that transfer of both the active and the inactive conformers of Bax is independent of both tBid and negative membrane surface charge.

Discussion
==========

The fact that soluble and membrane-bound forms of Bcl-2 family proteins are in reversible equilibrium is increasingly recognized as an important feature of these proteins.^[@bib10],\ [@bib31]^ The retro-translocation of Bax from mitochondrial membranes in transformed cells that has been highlighted in several recent publications^[@bib12],\ [@bib32]^ is a natural consequence of this equilibrium partition. The present study shows that the binding of both tBid and Bax to liposomal membranes is dynamic, with measurable off-rates on the order of 10^−3^/s similar to that measured for Bax in cells,^[@bib12],\ [@bib32]^ and that this permits redistribution of these proteins to other membranes. Surprisingly, even though both Bax and tBid have multiple membrane conformations, binding was reversible in all cases, even for membrane-bound Bax resistant to gel filtration. It remains speculative whether one Bax from an oligomer transfers or exclusively monomeric membrane-bound Bax retro-translocates, or if a combination of both processes occurs simultaneously. This result is consistent with the concept of multiple conformational changes between inactive and fully active tBid and Bax ([Figure 5](#fig5){ref-type="fig"}).^[@bib8],\ [@bib10]^

Consistent with redistribution of tBid being functionally important, it was modulated positively and negatively by pro- and anti-apoptotic Bax and Bcl-XL, respectively. For Bax, oligomerization in the recipient membrane is strictly dependent on the presence of a BH3 activator (tBid or BimL) ([Figure 4](#fig4){ref-type="fig"}). Bcl-2 family activators therefore ensure that Bax permeabilizes the correct subcellular membrane, similar to the way that Mtch2 may act to trigger the activating conformational change in tBid, thereby restricting its activity to mitochondrial membranes.

One implication of the finding that an activator needs to be present on the recipient membrane for pore formation to occur is that retro-translocated Bax likely reverts to its inactive conformation. Our results also suggest that the physical migration of the activator throughout the cell may be required to ensure that all mitochondrial membranes are permeabilized, a requirement for apoptosis to kill the cell.^[@bib13]^ Consistent with this notion, in certain circumstances where the apoptosis signal is localized, a rapidly spreading wave is observed.^[@bib16]^ Moreover, quantitative kinetic analysis in model cellular systems indicates that the duration of the lag phase (initiation) of apoptosis is long and is variable between different cells, but the execution phase is rapid and with little variation between cells,^[@bib15],\ [@bib37]^ consistent with the diffusion of an apoptotic factor across the cell.^[@bib15]^ Our study suggests that BH3 activators have a bigger role in transmission of the apoptotic signal compared with effectors such as Bax, as the *k*~off~ for tBid is more than eight times faster than that of Bax, in line with the different *K*~D~ we previously measured for tBid (44 *μ*M)^[@bib10]^ and for Bax in the presence of tBid (∼1 *μ*M).^[@bib31]^ In addition, our results clearly demonstrate that both Bax and Bcl-XL regulate migration of tBid between membranes, further illustrating total integration of the system.

The mechanism we propose here is a slight revision of the 'kiss-and-run\' model, in which tBid 'kisses\' not only Bax but also a membrane, and then 'runs\' to other locations in order to propagate the apoptotic signal ([Figure 5](#fig5){ref-type="fig"}). Such a mechanism would explain how cells can achieve rapid full-scale apoptosis activation, as Bax continuously cycles on and off mitochondrial membranes and is primed to act, while requiring the signal provided by a fast-moving activator before pore formation can occur. Furthermore, the migration of tBid and Bax between different mitochondria may also be involved in regulating mitochondrial dynamics possibly by promoting mitochondrial fragmentation.^[@bib38]^

Our study has identified a number of factors that affect membrane binding by tBid, and which we propose should affect its rate of transfer between mitochondria and the propagation of apoptotic signals throughout the cell. First, Bcl-XL not only inhibits tBid binding to Bax, our results demonstrate that it also slows down tBid migration between membranes. This is a logical but not necessarily obvious result of mutual sequestration due to Bcl-XL binding to tBid in the membrane with higher affinity than in solution.^[@bib9]^ The p7 fragment of Bid slightly shifts the equilibrium in the other direction, towards the soluble form of tBid^[@bib10]^ through a similar mechanism: it binds tBid in solution exclusively and with a high affinity (*K*~D~∼40 nM, [Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}). Second, and more surprising is our observation that Bax enhances tBid retro-translocation and therefore the rate of transfer of tBid between liposomes ([Figure 3d](#fig3){ref-type="fig"}). The effect of Bax on tBid migration is harder to understand, as unlike the p7 fragment it binds tBid only in the membrane, and therefore would be expected to slow down retro-translocation. We speculate that the molecular mechanism by which Bax may accelerate retro-translocation of tBid is that it has an effect opposite to that of Mtch2. Mtch2 promotes tBid binding to MOM by enhancing a conformational change of tBid that leads to deeper membrane insertion and is required for its Bax activation capability ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"} and Shamas-Din *et al.*^[@bib10]^), whereas Bax may be reversing this conformational change. In this way, after the 'kiss\' between tBid and Bax, tBid can 'run\' because the interaction with Bax (or the initiation of Bax oligomerization) pushes tBid out of the membrane. Regardless of the mechanism, it is interesting to note that the opposite effects of Bax and Bcl-XL on tBid retro-translocation are congruous with their opposite roles in apoptosis. This work therefore underlines the notion that a series of competitive equilibria between Bcl-2 family members and membranes lies at the heart of apoptotic regulation.

Materials and Methods
=====================

Protein purification and labeling
---------------------------------

All experiments used recombinant full-length proteins or single-cysteine mutants. The nomenclature for the single-cysteine mutants is to indicate the residue number of the single cysteine introduced into variants without endogenous cysteine. Recombinant full-length human wild-type (WT) and single-cysteine mutant C126 of Bax were purified and labeled as described.^[@bib8],\ [@bib31]^ Recombinant full-length N-terminal 6 × -His-tagged murine WT and single-cysteine mutant 126C or 190C of Bid were purified, labeled and cleaved to isolate cBid or tBid as described.^[@bib10]^ Recombinant full-length WT Bcl-XL was purified as described.^[@bib4]^ Recombinant full-length N-terminal 6 × -His tagged human BimL mutant lacking all endogenous lysine and cysteine residues was purified as described.^[@bib39]^ Dyes for labeling, DACM ((N-(7-dimethylamine-4-methylcoumarin-3-yl) maleimide) and Alexa Fluor 488 were purchased from Life Technologies (Waltham, MA, USA).

Mitochondria permeabilization assay
-----------------------------------

Mitochondria from *bax−/− bak−/−* BMK (baby mouse kidney) cells (either expressing Smac-mCherry or not) were isolated as described.^[@bib30]^ To assay MOMP, 0.2 mg/ml mitochondria (in 20 mM HEPES pH 7.5, 250 mM sucrose, 150 mM KCl, 1 mM EDTA) were incubated with tBid (2 nM) for 30 min at room temperature. Mitochondria with membrane-bound tBid were then isolated by centrifugation (13 000 × *g* for 10 min at 4 °C). To assess MOMP, mitochondria expressing Smac-mCherry were incubated with mitochondria pre-targeted with 2 nM tBid and with 20 nM Bax for 2 h at 37 °C. Samples were then centrifuged at 13 000 × *g* for 10 min. The relative amount of mCherry present in the supernatant and pellet fractions was measured by fluorescence. Samples were excited at 580 nm and monitored at 610 nm, with excitation and emission bandwidths of 5 nm. The percentage of Smac-mCherry release was calculated as the fraction of the total fluorescence coming from the supernatant.

Liposome preparation
--------------------

Liposomes with a composition resembling that of MOMs (PC, PE, PI, DOPS and TOCL in a 48 : 28 : 10 : 10 : 4 molar ratio, were prepared from lipids purchased from Avanti Polar Lipids, Alabaster, AL, USA), in assay buffer as described.^[@bib10]^ Liposomes indicated as −CL are with low surface charge and contain PC, PE and PI in a 62 : 28 : 10 molar ratio. −CL liposomes have a net negative charge/lipid of 0.10 compared with 0.28 for liposomes with a mitochondria-like composition. All liposome preps used in this work included a small fraction (0.008 mol%) of lipophilic dye (DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt), Life Technologies) to monitor the liposomes concentration. The fluorescence of DiD was assessed by excitation at 644 nm and emission at 665 nm with 5 nm bandwidths for both.

Liposome permeabilization assay
-------------------------------

Liposomes containing the fluorophore ANTS and the quencher DPX (~ANTS~liposomes) were prepared as described.^[@bib4]^ Permeabilization of ~ANTS~liposomes was measured by the increase in ANTS fluorescence that results from dilution of the liposome contents. The other set of liposomes contained terbium (Tb) and dipicolinic acid (DPA) (~Tb~liposomes). ~Tb~Liposomes were prepared by adding TbC1~3~ (0.8 mM) and DPA (2.4 mM) in the assay buffer (without EDTA). The Tb/DPA complex is highly fluorescent when encapsulated in liposomes but the fluorescence is reduced dramatically when the liposomes are permeabilized in a solution containing EDTA, due to chelation of Tb. Therefore, the permeabilization curves from ~Tb~liposomes were later normalized inversely to directly compare them with the curves generated from ~ANTS~liposomes. In both cases, non-encapsulated molecules were removed by gel filtration chromatography on a CL-2B Sepharose column before use in permeabilization assays.

ANTS and Tb/DPA were excited concurrently at 355 and 276 nm, respectively, with 5 nm bandwidths. In order to separate the short-lifetime fluorescence emission of ANTS from the long-lifetime emission of the Tb/DPA complex, ANTS emission was collected at 520 nm with a 12-nm bandwidth for 20 *μ*s without any delay, while Tb/DPA emission was collected at 545 nm with a 12-nm bandwidth for 2 ms after a 40-*μ*s delay. The extent of dye release was calculated as a percentage of maximum possible release: *P*(t)=\[*F*(t)−*F*~B~(t)\]/\[*F*~M~−*F*~B~(t)\], where *F*(t) refers to either the ANTS or the Tb/DPA fluorescence signal, *F*~B~(t) refers to the background fluorescence of a control sample containing liposomes but no protein and *F*~M~ refers the fluorescence measured for each sample after lysis of the liposomes with 0.5% w/v CHAPS or 0.2% v/v Triton X-100. *P*(t) was then fitted with an exponential function, *P*(t)= *P*~M~−(*P*~M~−*P*~0~)exp(−kt), which returned the percentage of dye release measured immediately after the addition of Bax at *t*=0 (*P*~0~), the extrapolated final percentage of dye release (*P*~M~) and the initial rate of release, k.

To prepare liposomes pre-incubated with tBid, 20 nM tBid was incubated with 0.3 mg/ml liposomes in assay buffer at 37 °C for 30 min. To collect liposomes with bound tBid, the reaction was passed over a CL-2B Sepharose column. Liposomes without tBid were mixed in 1 : 1 ratio, and indicated amount of Bax was added. The reactions were carried out at 37 °C.

Liposome-binding assay
----------------------

For FRET experiments, 200 nM tBid 126C labeled with DAC was incubated with 0.3 mg/ml liposomes in assay buffer at 37 °C for 30 min, or 200 nM Bax 126C labeled with DAC was incubated with 0.3 mg/ml liposomes at 37 °C for 2 h. Liposomes containing bound protein were isolated by gel filtration on a CL-2B Sepharose column and mixed with 0.3 mg/ml liposomes containing the acceptor, NBD-PE (1-palmitoyl-2-{12-((7-nitro-2-1,3-benzoxadiazol-4-yl) amino\]dodecanoyl}-*sn*-glycero-3-phosphoethanolamine)) at 1 mol% (Avanti) in 1 : 1 ratio. The detailed protocol for liposome preparation is previously published.^[@bib8],\ [@bib10]^ The reactions were carried out at 37 °C for 30 min to 2 h without stirring.

For gel filtration experiments, 200 nM cBid 190C labeled with Alexa Fluor 488 was incubated with 0.3 mg/ml liposomes at 37 °C for 30 min. Free protein was separated from liposome-bound protein using CL-2B Sepharose column and % bound protein was assessed by fluorescence (excitation at 495 nm, emission at 519 nm, 5 nm bandwidths) and by immunoblotting for Bid as described previously.^[@bib4]^

Equilibrium binding of protein to liposomes
-------------------------------------------

If a protein (e.g., tBid) binds reversibly to lipid membranes, the interaction can be represented by the equilibrium *P*+*L*↔*P*\* (where *P* represents the protein in solution, *P*\* the protein bound to the membrane and *L* is the lipid), with a *K*~D~*=*\[*P*\]\[*L*\]/\[*P\**\]. In the case where the lipids are in excess and the available lipid concentration is equal to the total lipid concentration, \[L\], the equilibrium fraction of bound protein becomes (free ligand approximation)

*K*~D~ is the effective dissociation constant that may vary with the lipid composition.

In the presence of a competitor, such as the p7 fragment of Bid, which can bind to the soluble protein to prevent membrane binding, a second equilibrium needs to be taken into account, *P*+*P*\'↔*C*, with the associated *K*~D~*\'=*\[*P*\]\[*P\'*\]/\[*C*\]. Assuming that the lipids are in excess, and that \[*P*\]*=*\[*P\'*\]*=c*~P~ (i.e. that the concentration of both Bid fragments is the same), this simple competition model predicts that the equilibrium fraction of bound protein is:

where *A=K*~D~*\'/c*~P~.

Kinetics of protein transfer between liposomes
----------------------------------------------

We consider again the simple reaction *P*+*L*↔*P*\* to analyze the kinetics of the reaction by considering the on-rate, *k*~on~, and the off-rate, *k*~off~. Thus, *d*\[*P*\]/dt=*k*~on~\[*P*\]\[*L*\]*−k*~off~\[*P*\*\], leading to *K*~D~=*k*~off~/*k*~on~ and to single exponential kinetics for the fraction of bound protein, *f*(t)=*f*~*∞*~(1−e^−*k*t^) when soluble proteins are mixed with liposomes at time *t*=0, where *f*~*∞*~ is given by [equation (1)](#equ1){ref-type="disp-formula"} and where the relaxation rate is *k*=*k*~off~+*k*~on~\[*L*\]. In the case when soluble proteins are incubated with a 1 : 1 mix of two types of liposomes (with total lipid concentration \[*L*\]) starting at *t*=0, assuming that the affinity of the protein for both types of liposomes is the same, the fraction of bound protein to one type of liposome (a quantity accessible by FRET if the protein is labeled with a donor fluorophore and this set of liposomes is labeled with an acceptor) also increases with single exponential kinetics:

with a rate *k*=*k*~off~+*k*~on~\[*L*\].

We now consider the more complicated case where protein is initially at equilibrium with a first population of liposomes (total lipid concentration \[*L*\]/2) and a second population of liposomes is introduced at time *t*=0 (also with total lipid concentration \[*L*\]/2). The kinetics of the system is defined by a set of two differential equations, which can be solved to calculate the fraction of protein bound to the second set of liposomes (the quantity of which is measurable using FRET):

This time, the fraction of bound protein increases with double-exponential kinetics. The first exponential kinetics with rate *k*=*k*~off~+*k*~on~\[*L*\] as before corresponds to the binding of soluble protein to the second set of liposomes, while the second exponential kinetics with a slower rate *k*~off~ corresponds to the binding of the protein molecules originally bound to the first set of liposomes, and which have to detach before they can bind to the second set of liposomes.
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![Bax releases Smac-mCherry from *bax*−/− *bak*−/− mitochondria in incubations containing mitochondria pre-incubated with tBid. Bars indicate the percentage of Smac-mCherry release on addition of 20 nM Bax (as indicated) to incubations containing both *bax*−/− *bak*−/− mitochondria (M) and *bax*−/− *bak*−/− mitochondria expressing Smac-mCherry (M~mCherry~), where one of the mitochondria populations has been pre-incubated with 2 nM tBid (as indicated). Release of Smac-mCherry was detected 2 h after adding Bax by measuring the fluorescence in the supernatant after mitochondria were pelleted by centrifugation (mean±S.E.M., *n*=3). For each bar, the schematic on the left recapitulates the content of the incubation](cddis2014234f1){#fig1}

![Bax permeabilizes liposomal membranes when liposomes pre-incubated with tBid are also present. (**a**) Principle of the protein transfer experiment: liposomes pre-incubated with tBid (black ovals) and encapsulating one type of fluorophore (red -- color arbitrary) are mixed with liposomes not pre-incubated with tBid and filled with a spectrally different fluorophore (blue -- color arbitrary). Liposome permeabilization on the addition of Bax can then be monitored separately. (**b**) Permeabilization of a 1 : 1 ratio of liposomes either pre-incubated with 20 nM tBid (filled symbols) or not (empty symbols) when mixed together and incubated with 100 nM Bax. Data represented by the same color symbols were recorded simultaneously in the same solution, using spectrally different encapsulated fluorophores (ANTS and Tb) as shown in **a**. (**c**) Permeabilization of liposomes either pre-incubated with tBid or mixed with an equal amount of liposomes not pre-incubated with tBid (filled symbols) or vice versa (empty symbols) when incubated with the indicated amount of Bax. Curves with the same color have been recorded for the same Bax concentration but in two different solutions (one set of representative data). In **b** and **c**, lines represent exponential fits of the data. (**d**) Permeabilization half-time as a function of Bax concentration and (**e**) percentage of permeabilized liposomes after 3 h of incubation (mean±S.E.M., *n*=3). The fit of the data with either a power law (**d**) or a sigmoidal function (**e**) is shown for both liposome populations](cddis2014234f2){#fig2}

![The binding of tBid to membranes is reversible. (**a**) Schematic of the kinetic experiments performed to measure the binding and unbinding rates of tBid to liposomes. tBid labeled with the donor DAC (tBid~DAC~) is mixed with unlabeled liposomes (black ovals) and liposomes labeled with the acceptor NBD-PE (dotted ovals) in a 1 : 1 ratio. (**b**) Unlabeled liposomes pre-incubated with tBid~DAC~ were mixed with liposomes labeled with the acceptor NBD-PE. (**c**) A tBid binding experiment (gray symbols, as shown in **a**) and a tBid transfer experiment (black symbols, as shown in **b**), showing the fraction of tBid bound to fluorescent liposomes as a function of time, as obtained by normalizing the signal obtained from the donor fluorescence. Lines are fit to the data according to [equations (3)](#equ3){ref-type="disp-formula"} and [(4)](#equ4){ref-type="disp-formula"}. (**d**) Fraction of tBid transferred to fluorescent liposomes as a function of time in the presence of either 200 nM Bax (light gray symbols) or 200 nM Bcl-XL (dark gray symbols). Data in the absence of Bax or Bcl-XL are also shown for comparison (black symbols, as in **c**). Lines are fit to the data with [equation (4)](#equ4){ref-type="disp-formula"}](cddis2014234f3){#fig3}

![Bax transfers between membranes but requires an activator at the recipient membrane to form pores. Permeabilization of liposomes with either +CL or −CL lipid composition. (**a**) −CL liposomes were poorly permeabilized using 100 nM Bax and 20 nM tBid, but were efficiently permeabilized by 100 nM Bax and 20 nM BimL. (**b**) Permeabilization of liposomes by Bax as a result of transfer of tBid between two liposome populations. Non-fluorescent +CL liposomes pre-incubated with 20 nM tBid were mixed with equal concentration of fluorophore-encapsulated liposomes with indicated lipid composition, followed by the addition of 100 nM Bax. (**c**) Illustration of the assays used to measure Bax binding and transfer. (**d**) Bax binding: 100 nM Bax labeled with the donor, DAC, 20 nM tBid and liposomes containing the acceptor NBD-PE with the indicated lipid composition were incubated for 30 min. Line is fit to the data according to [equation (3)](#equ3){ref-type="disp-formula"}. Bax binds to both +CL (open symbols, black) and −CL (open symbols, gray) liposomes. Normalized FRET efficiency is indicative of binding of Bax~DAC~ to liposomes~NBD~. Bax transfer: tBid activated, membrane-bound Bax transfers to +CL (filled symbols, black) and --CL (filled symbols, gray). Unlabeled liposomes pre-incubated with 200 nM Bax~DAC~ and 20 nM tBid were passed over a gel-filtration column to remove free Bax and tBid. The fraction containing the liposomes and bound proteins was added to liposomes~NBD~ in a 1 : 1 ratio to observe Bax transfer. Line is fit to the data according to [equation (4)](#equ4){ref-type="disp-formula"}. FRET efficiency was calculated as explained^[@bib10]^ (mean±S.E.M., *n*=3)](cddis2014234f4){#fig4}

![Bax and tBid transfer between membranes and Bax permeabilizes recipient membranes primed by tBid. Binding of tBid and Bax to membranes is reversible and is regulated by dynamic equilibria as indicated by equilibrium arrows. Binding of Bcl-XL to tBid decreases the transfer rate of tBid between the donor and the recipient membranes by decreasing the *k*~off~ threefold. Interaction of tBid with Bax increases the transfer rate of tBid threefold either by increasing the *k*~off~ or by decreasing the *k*~on~. Both soluble and membrane-bound Bax are also constantly retro-translocating but the transfer rate of Bax is independent of tBid. Moreover, the *k*~off~ of membrane bound Bax is eight-fold less than that of membrane bound tBid. Once at the recipient membrane, Bax requires re-activation by tBid for insertion and pore formation, suggesting that the active conformation of Bax is lost during retro-translocation](cddis2014234f5){#fig5}
